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Abstract
Introduction: This dissertation sought to find a methodology for visualiza-
tion and quantification of the propagation of mechanical fronts through the
Left Ventricle (LV).
Methods: Duke University’s T5 ultrasound system was used for image ac-
quisition. The T5 is an experimental phased array ultrasound system capable
of up to 2500 images per second (fps) for some application or 1000 fps for adult
cardiac imaging using full field of view while simultaneously showing a live
display of the images. The validation image sequences were generated using a
high precision translation stage capable of horizontal and vertical motion at 10
µm increments and a tissue mimicking phantom. The second type of images
were high frame rate (HFR) in vivo cardiac images with frame rates between
300 fps and 1000 fps.
Results: Studies A and B presented the Continuous Feature-Tracking (CFT)
algorithm, which was capable of accurately describing kinematics. Study C was
the first study to show a statistically significant mechanical propagation ori-
gin for patients with echocardiographic normal LV function: The mid septal
wall segment. These identified fronts were consistently moving faster than the
electrical excitation velocity through the electrical pathways of the Left Bundle
Branch (LBB) and Purkinje network. A new visualization method using strain
rate called a Strain Rate Image (SRI) was developed. The strain rate empha-
sized changes in the myocardial deformation while presenting them as an image,
which made visual interpretation of contraction propagation possible. Study D
found statistical significant differences in the duration of the transient fronts as-
sociated with tissue shortening between patients with echocardiographic normal
LV function, Left Bundle Branch Block (LBBB), and non-LBBB conduction
disorder. Furthermore, a new method using a modified correlation coefficient
was developed, which in turn illustrated significantly different measurements
when comparing patient groups.
Conclusion: It was possible to extract propagating mechanical fronts from
HFR B-mode echocardiographic images. Differences of transient mechanical
events between different patient groups were identified. Finally, it was shown
how strain should be used in conjunction with HFR echocardiographic images
when identifying short-transient and rapidly propagating mechanical contrac-
tile fronts.
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vi
Resumé
Introduktion: Denne afhandling søgte at finde en metode til visualisering
og kvantificering af udbredelsen af mekaniske kontraktion fronter gennem den
venstre ventrikel (LV).
Metode: Duke University’s T5 ultralyds systemet blev brugt til billede op-
tagelse. T5 systemet er et eksperimentelt fase-array ultralydssystem som kan
optage billeder med op til 2500 fps for nogle applikationer og 1000 fps for voksne
hjerte optagelser med fuld field of view imens en live præsentation af billederne
vises på en skærm. T5 systemet blev brugt til at optage translations data som
blev benyttet til validering af CFT-algoritmen. Disse billede sekvenser blev
genereret ved hjælp af en høj-præcision translations scene med mulighed for
horisontal og vertikal bevægelse i 10 µm intervaller, og en vævs-efterlignende
fantom. Det den anden type billeder var fra HFR in vivo hjerteultralyds billeder
med en billede-hastighed mellem 300 fps og 1000 fps.
Resultater: Studierne A og B præsenterede CFT algoritmen som gjorde det
muligt at lave en præcis beskrivelse af bevægelse og deformation. Studie C var
det første studie som viste statistisk signifikans i udbredelse af mekanisk kon-
taktion for patienter med normal echokardiografisk LV funktion: Den midterste
del af septum. Disse identificerede kontraktion fronter bevægede sig konsis-
tent hurtigere end elektrisk udbredelse gennem de elektriske veje og Purkinje
netværk. Der blev udviklet en ny visualiserings metode, som blev kaldt Strain
Rate Imaging (SRI). Strain raten fremhævede ændringer i myokardie defor-
mationen, mens at præsentere dem som et billede således at de kunne visuelt
inspiceres. Studie D fandt statistisk signifikans mellem kort-levede mekaniske
events i patienter som var echokardiografisk normale, LBBB, og ikke-LBBB
elektriske anormaliteter. Yderligere blev der udviklet en ny metode, som gjorde
nytte af en modificeret korrelations koefficient, til at estimiere hjerte asynkro-
nicitet. Korrelations koefficient viste statisk signifikante forskelle mellem pa-
tientgrupperne.
Konklusion: Det var muligt at identificerer mekaniske kontraktion fronter
fra HFR B-mode echokardiografiske billeder. Forskellige kort-levede mekaniske
events blev identificeret imellem forskellige patientgrupper. Til sidst blev det
præcenteret hvordan strain kunne benyttes i sammenhæng med HFR echokar-
diografiske billeder til identificering a kort-levede og hurtigt udbredende mekaniske
kontraktion fronter.
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Chapter 1
Introduction
Cardiovascular Disease (CVD) is a large global burden on both human health
and local and international economy. It is responsible for the loss of 64 mil-
lion Disability-Adjusted Life Years (DALYs) every year in Europe alone [1, 2].
CVDs, including coronary artery disease, stroke, atrial fibrillation, heart valve
disease, and Heart Failure (HF), are responsible for a large part of the global
strain on society due to the requirements of long-term management and hospi-
talization [3, 4]. Diagnostic and treatment improvements are reducing mortality
caused by cardiac diseases [5]. For example, the risk of death from coronary
heart disease is projected to reduce by 30 % over the next 10 years. This is
due to improvements in cardiovascular health metrics [1]. Acute CVD mortality
rate has gone down due to the increase in short-term survival in acute hospital-
izations. However, the prevalence of CVDs will increase in the coming years [3].
Morbidity and mortality rates associated with cardiac diseases are highly de-
pendent on age, blood pressure, and cholesterol [6]. This means that the aging
population in conjunction with the longer life expectancy of each individual in
the western world will continue to increase the cost of long-term patient care [3].
For cardiac diagnostic purposes, in addition to the electrocardiography (ECG),
deformation analysis from echocardiographic imaging provides diagnostic value
when identifying patients with asynchronous cardiac contractions. The next
generation of echocardiographic imaging revolves around describing waves and
transient contractile patterns through the myocardium. Today, commercial de-
formation analysis using echocardiographic imaging is limited to frame rates
below 100 images per second (fps), which is not adequate to resolve short
transient events. To adequately resolve these events, high frame rate (HFR)
imaging is required. Here, a temporal resolution of less than 2 ms is preferred
[7]. The theory behind HFR is well-defined today. However, no commercially
available solution exists to acquire and analyse this data. It is therefore not
possible to take full advantage of the high temporal resolution to distinguish
between normal and pathological patterns during transient contractile events.
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1. Cardiovascular Disease And Heart Failure
1 Cardiovascular Disease And Heart Failure
CVDs are the primary contributor to 3.9 million deaths, and account for 45 %
of deaths in in the western world. With 11.3 million new CVD cases diagnosed
annually in Europe alone, CVDs are responsible for 64 million DALYs annually,
corresponding to 23 % of all DALYs lost. Past the age of 40, cardiac disease
becomes the primary cause of morbidity and mortality in Europe and the USA.
Cardiac diseases can lead to HF, a common condition with poor prognosis [8].
Today, 2.5 % of the adult population suffers from HF. Above 70 years of age,
10 % of the population in both Europe and the US have HF [9, 10].
HF is defined as a cardiac output deficiency so severe that the heart is un-
able to deliver adequate blood supply through the circulatory system. As a
result, the heart cannot cover the body’s organs’ need for oxygen and nutri-
ents [1]. Several factors, such as smoking, obesity, extremely low body weight,
and blood pressure, have a significant negative impact on cardiac function
and can be indicators of prevalent subclinical cardiac abnormal function [6].
Asymptomatic structural and functional cardiac abnormalities are two of the
precursors to HF [10]. HF is characterized by classic symptoms such as short-
ness of breath, ankle edema from poor circulation, and elevated jugular venous
pressure. These are related to structural or functional cardiac abnormality
[10]. The New York Heart Association (NYHA) functional classification is a
common tool of classifying severity of HF; see Table 1.1 [10].
Functional Classification Of Heart Failure
Class Physical Symptoms
Class I No physical
impairment.
No symptoms during normal physical
activity.
Class II Mild physical
impairment.
Relatively comfortable at rest. Normal
physical activity causes excessive
breathlessness, fatigue, and
palpitations.
Class III Clear physical
impairment.
Relatively comfortable at rest.
Appearance of symptoms at light
activity.
Class IV Complete physical
debilitation.
Can be symptomatic at rest. Any
physical activity will increase
discomfort.
Table 1.1: The table describes the New York Heart Association functional classification of
heart failure [10].
When a patient is said to have HF, the patient has one of two types: HF with
’preserved’ ejection fraction (EF) (HF-pEF), or HF with ’reduced’ EF (HF-
rEF) [10]. After patients are diagnosed with HF-pEF or HF-rEF, the mortality
or remission rates are 35.3 % and 36.1 % in the first year after diagnosis, and
7
10 % in consecutive years [8–12].
2 Left Bundle Branch Block
Left untreated, HF will progressively worsen. If a patient develops asyn-
chronous contraction between the Interventricular Septum (IVS) and Lateral
Wall (LW), it causes severe deterioration of cardiac function. Left Bundle
Branch Block (LBBB) is the obstruction of the Left Bundle Branch (LBB) and
develops in 25 % to 30 % of HF patients. It brings with it a 70 % higher risk of
sudden cardiac death [13]. LBBB is irreversible, so patients receive continuous
treatment for the remainder of their lives if they are diagnosed with LBBB. It
is, however, difficult to correctly identify true LBBB patients who will benefit
from treatment, as several common conduction abnormalities can present as
LBBB.
2.1 Electrical Excitation Of The Left Ventricle
When a normal heart contracts, an electrical action potential propagates through
the Atrioventricular node and the Bundle of His. From the Bundle of His, the
action potential splits into two electrical pathways: The Right Bundle Branch
(RBB), and the LBB. The RBB transports an action potential towards the
apex of the Right Ventricle (RV), while the LBB transports an action potential
towards the apex of the Left Ventricle (LV). The LBB branches out into Purk-
inje fibers. Purkinje fibers themselves are located on the subendocardial walls
of the ventricle. These cardiac fibers are specialized, like the bundle branches,
in rapid propagation of electrical action potentials towards the cardiomyocytes
with a velocity of 1 to 2 m/s [14]. This allows for the synchronous contraction of
the ventricles [14]. When the electrical excitation reaches the cardiomyocytes,
the electrical excitation propagation velocity is reduced to 0.3 to 0.6 m/s [14].
The cardiomyocytes deform producing the cardiac contraction. The du-
ration of the QRS complex corresponds roughly to the duration required for
complete electrical excitation of the LV. For patients with echocardiographic
normal LV function, the QRS complex generally lasts 80 ms. The cardiomy-
ocytes are electrically connected to each other by gap-junctions, allowing for
sequential stimulation of the myocardium. This system is highly robust to-
wards damaged tissue. When an obstruction of parts of the chain occur, as
the action potential must arrive to the cardiomyocytes through other electrical
pathways resulting in abnormal myocardial function [15, 16].
2.2 Obstructions In The Left Bundle Branch
An LBBB is an obstructed LBB, where excitation of cardiomyocytes is delayed.
The LV action potential will not arrive through the LV Purkinje fibers. When
the LBB is completely blocked, it is defined as a true LBBB. Here, the action
8
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potential can no longer travel to the Purkinje fibers from the LBB. Instead,
the action potential propagates through the RBB and travels through the IVS
into the LV. This detour of the action potential results in prolonged duration
for complete LV excitation and pathological electrical morphological patterns
may occur [17]. The LBBB causes asynchronous contraction due to the de-
layed electrical excitation of the LV leading to a lowered stroke volume. For
patients with LBBB the cardiomyopathy are still functional, meaning that the
contraction occurs after the action potential propagates through the RV [14].
However, the asynchronous contraction results in increased mechanical work
required of the LV in patients who often already suffer from HF. To main-
tain stroke volume, a progressive pathological remodeling of the heart occurs
which leads to dilated cardiomyopathy. This is why LBBB has one of the most
severe prognoses for patients with HF [13, 18]. Furthermore, the slow remod-
eling makes identification of LBBB in early stages of HF as patients often are
asymptomatic [13, 18].
2.3 Diagnosis
In patients with LV systolic dysfunction, the pathological remodeling of the
cardiomyocytes and extracellular matrix occurs slowly. Untreated systolic dys-
function is characterized as a progressive enlargement of the LV and a contin-
uously decreasing EF. It is therefore often observed, that patients with mild
symptoms may actually be in the high-risk group of hospitalization and death
[10]. However, symptoms are non-discriminate, the diagnostic value is limited,
and the functional classification of HF does not correlate well with the actual
LV function. This is due to the non-specific nature of symptoms that cover a
wide array of diseases [10]. Necrotic or scarred myocardial tissue does not con-
tract if an action potential is introduced to the area. A pacemaker is, for this
reason, not a viable treatment option for mechanical contraction abnormalities
such as Myocardial Infarct (MI). Therefore, correctly distinguishing between
electrical and mechanical dyssynchrony is crucial to improving treatment using
Cardiac Resynchronization Therapy (CRT).
Detection & Diagnostics
LBBB patients often first show symptoms at late HF stages [10]. Here, patho-
logical remodeling of the myocardium and extracellular matrix occur slowly
after the onset of an injury to the electrical pathways. Because of this, un-
treated systolic dysfunction is characterized as a progressive enlargement of
the LV and a continuously decreasing EF. Even when patients show symp-
toms, these are non-specific and do not help discriminate from other issues.
Furthermore, specified symptoms are insensitive as they normally do not man-
ifest in the early stages where primarily mild symptoms are present. Patients
receiving diuretic treatments are asymptomatic and lack symptoms such as pe-
ripheral edema, making diagnosis harder [10]. This makes LBBB difficult to
9
diagnose, which is especially true in early stages of HF.
Two diagnostic tools are of interest when diagnosing patients with suspected
LBBB and candidates for CRT: The ECG and kinematics using echocardio-
graphic imaging [10].
Ventricular Classification Using Electrocardiography
The ECG describes the electrical function of the heart. The ECG provides
detailed information about heart rhythms and electric conductivity, such as
abnormal intra-ventricular conductivity. Today, treatment of LBBB is recom-
mended for patients with a QRS greater than 150 ms. Patients with a narrow
QRS below 130 ms are not recommended for LBBB treatment using CRT as
they have shown a lower positive response rate to CRT [10, 16]. The refinement
in LBBB detection has shown overall improvement in both morbidity and mor-
tality. However, a large percentage of the patients receiving CRT do not show
adequate response to make the treatment viable [16]. Selecting patients who
will benefit from CRT is not a novel task. Therefore, a set of selection criteria
has been derived by the American College of Cardiology Foundation to select
patients for CRT and Implantable Cardioverter Defibrillators (ICDs). The goal
was to group patients into two groups of patients: patients who benefit from
CRT and ICD treatment, and patients who would be better off receiving no
treatment [19]. The Apropriate Use Criteria (AUC) selection criteria are: QRS
duration longer than 130 ms, LVEF lower than 35 %, and stage II-IV HF; see
Table 1.2 [19].
Appropriate Use Criteria
QRS duration ≥ 130ms
EF ≤ 35%
NYHA Stage II-IV HF
Table 1.2: Appropriate Use Criteria for cardiac resynchronization therapy (CRT). It is
required that the patient meet the selection criteria requirements for QRS duration, ejection
fraction (EF), and heart failure (HF) stage to be a candidate for CRT [19].
Patients are not selected for CRT if one or more of the AUC are not met;
see Table 1.2. This means that HF-pEF patients will not be selected for CRT
without extenuating circumstances as their chances of improvement are limited
[9, 10, 19]. Between 30 % and 50 % of patients are misclassified as responders
using the the AUC. This means that a patient who classifies as a responder
either has no significantly positive response, or even has a deteriorated quality
of life or life-expectancy, as a result of CRT [16, 17, 19–22].
Patients with other types of structural and physiological abnormalities gen-
erate electrical patterns resembling LBBB, while mechanical deformation pat-
terns may signify patients with lower response rates to CRT [16, 23, 24]. Strict
ECG criteria have been set for LBBB based on the electrophysiology of its al-
10
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tered LV activation sequence: Prolonged QRS duration (≥ 130ms and ≥ 140ms
for women and men respectively) and Mid-QRS notching or slurring in at least
two of the ECG leads [17]. There are differing opinions regarding strict ECG
selection criteria. Bertaglia et al. 2017 concluded that the strict ECG selection
criteria for CRT did not improve patient response to CRT. It should be noted
that for Bertaglia et al. 2017 had a normal AUC specificity of 49 %, which is
far lower than the normally reported CRT non-repsonse rates of 30 % [17, 22].
Jastrzebski et al. 2017 concluded a better prediction for survival compared to
patients selected using the conventional AUC. They reported long-term mor-
tality improvements in patients over an extended period of up to 7 year while
having normal CRT response rate using conventional criteria [17, 25].
Ventricular Classification Using Echocardiographic Imaging
Echocardiographic imaging provides information about chamber volumes, ven-
tricular and atrial systolic and diastolic function, wall thickness, and valve
function [10]. The echocardiographic advantage compared to the ECG is the
innate ability for visual assessment of the cardiac kinematics [26]. For diag-
nostic purposes, it is important to know which measurements can be expected
for patients with echocardiographic normal LV function when trying to iden-
tify and understand an abnormal contraction [27]. Here 2 dimensional (2D)
speckle tracking provides a tool for angular independent measurements of LV
dimensions and myocardial deformation using strain [28]. New recommenda-
tions from the European Society of Cardiology (ESC) state that deformation
imaging should be a standard measurement when assessing myocardial function
[10].
Just like the strict ECG criteria, more detailed analysis of the mechani-
cal deformation are of interest. Three mechanical deformation patterns show
clinical promise due to potential clinical value; Early septal contraction, early
stretching of the LW, and late LW contraction occurring after the aortic valve
closure [15]. The combination of these patterns are often referred to as the sep-
tal flash. It generates a physical apical rocking of the LV due to asynchronous
IVS versus LW contraction, which is often easy to visually asses using 2D B-
mode [16]. Patients showing LBBB-like contractions may indicate that more
specific and detailed contractile measurements should be used when diagnosing
patients with asynchronous contraction.
2.4 Treatment
The first therapy step when a patient is diagnosed with LBBB is 3 months
or more of guideline-directed pharmaceutical treatment. The hope is that the
pharmaceutical treatment by itself improves LVEF so invasive steps will not
be needed. Otherwise, CRT is considered the definitive treatment for patients
when no significant benefit is observed from the medical therapy [5, 29].
11
Cardiac Resynchronization Therapy
CRT is an efficient technique for treating patients with asynchronous contrac-
tion caused by a electrical obstruction or delay. However, this therapy does not
repair the electrical abnormalities, but instead provides an alternative and ad-
justable method for delivering the action potential to the cardiomyocytes using
a pacemaker device. If the pacemaker device is deactivated, the asynchronous
contractions reappear with an immediate onset. For biventricular (BiV) pace-
makers, there is a RV and a LV lead. The RV lead is in the RV in an apical
or septal position, whereas the LV lead is inserted through the coronary sinus
into a, typically, lateral vein on the epicardial surface of the LV. This makes it
possible to re-synchronize the cardiac tissue and thereby improve the cardiac
output by reducing the amount of wasted work by the LV[19].
Short- and long-term survivability and quality of life are generally improved
in HF patients who receive pacemaker implants today [20]. When the impaired
mechanical contraction is identified and treated early, the reverse remodeling
of the myocardium may, if not completely, revert to a healthier state [30, 31].
To avoid permanent pathological myocardial remodeling, it is imperative to
identify asynchronous contraction so resynchronization of the myocardium can
be performed as early as possible [30, 31].
3 State-Of-The-Art High Frame Rate Echocar-
diographic Imaging
HFR imaging has diagnostic value [32]. However, no clinically available sys-
tems are capable of HFR B-mode echocardiographic imaging above 200 fps for
clinical applications. The cutting edge research today focuses on HFR defor-
mation analysis. The primary goal is the electromechanical coupling of the LV
due to its high potential prognostic value in cardiology.
3.1 Techniques And Limitations For High Frame Rate
Echocardiographic Imaging
The conventional method for generating an image using a phased array is by
emitting focused and directed transmit pulses and using beamforming to gen-
erate image lines. When the transmit pulse is focused, the reflected acoustic
echo from the focused area will be stronger. The resulting echocardiographic
images have higher spatial resolution and dynamic range. When the frame
rate is increased, the transmit pulse must be widened so the resulting acoustic
echo is reduced. There will always be a trade-off between temporal resolution
and image quality, where the myocardial outline will be better defined at lower
frame rates. For example, dropout of the myocardial walls may be more preva-
lent as temporal resolution increases. Figure 1.1 depicts a patient who had two
image sequences acquired within 30 seconds from the apical four chamber view,
12
3. State-Of-The-Art High Frame Rate Echocardiographic Imaging
at 60 fps and 1000 fps respectively. Green circles in the two images illustrate
how dropout of the Base of the IVS can occur.
(a) 60 fps (b) 1000 fps
Fig. 1.1: Echocardiographic images from the apical four chamber view of a 45-year-old
female with normal LV function. Figure 1.1a shows a frame without post-processing of the
B-mode images when acquired at 60 fps. Figure 1.1b shows a frame without post-processing
of the B-mode images when acquired at 1000 fps. The green circles illustrate how a higher
temporal resolution may result in dropout from parts near the Base of the interventricular
septum
HFR echocardiographic images consist mainly of speckles, which are caused
by the scattering of acoustic energy within the tissue. It is often assumed that
they are caused by sub-wavelength in-homogeneous objects causing reflection
at fixed spatial locations. However, speckles have been shown to act more
like artifacts, which are more dependent on the measuring system. It is often
easier to imagine tissue as a homogeneous material with sub-resolution point
scatters [33]. Speckles have randomly occurring patterns in the images, but
the patterns are deterministic and can be reproduced exactly if the transducer
array is returned to the same position using the same settings. The speckles
are not accurate depictions of tissue. This is because of the speckles’ depen-
dency in the sub-wavelength tissue scattering and spatial location with respect
to the transducer array [33]. This results in speckle patterns decorrelating as
a function of distance and orientation with respect to the transducer array
[34]. However, for small frame-to-frame translations, this reproducible feature
of speckles makes them trackable and they may therefore be used for myocar-
dial kinematics. This idea especially has merit for HFR as the frame-to-frame
translation will be shorter compared to conventional echocardiographic imag-
ing. Even though there is no a-priori information regarding the distribution of
the speckle patterns, it is possible to track the myocardium between frames if
the location of the myocardial contour in the initial frame is known.
Because the speed of sound remains constant in tissue, other methods for
increasing imaging frame rate generation can be used. If it is a requirement that
spatial sampling is not changed significantly, and image size must be preserved,
there are three methods for increasing the temporal resolution of ultrasound
[35].
Gated imaging is a method in which an ultrasound image is stitched to-
gether from M small image sectors acquired over M cardiac cycles. A focused
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transmit pulse can be used for this approach, so the acoustic pressure avail-
able to generate image lines and the spatial resolution remains the same as for
conventional ultrasound. However, this method has its limitations. Gating is
highly sensitive to any motion by operator and subject, which can result in
image artifacts between the image sectors. Gating also requires the patients
to hold their breath M times as long compared to conventional ultrasound to
reduce motion and stitching artifacts [35]. Gating is therefore unsuited for
imaging of the heart, due to the high level of motion and unpredictable nature
of many cardiac abnormalities such as arrhythmia and the physical limitations
of HF patients [35].
Generating multiple transmit pulses is another approach used to increase
frame rate. The limitations with this approach are the cross-talk between the
multiple transmit pulses, resulting in ghost artifacts from other simultaneously
acquired transmit pulses [35]. Spatial and spectral separation, frequency mul-
tiplexing, and apodization schemes have all been used to reduce cross-talk, but
it remains a limitation of the method [36, 37].
Increasing 2D frame rates by parallel receive processing using computer to-
mography methods is called Exploso scanning, and it was first implemented for
cardiac ultrasound in 1984 [38]. To generate enough acoustic pressure for all
parallel receive-lines, transmit pulses are broadened to insonify a larger region
per transmit pulse. This lowers the transmit resolution, but if receive resolu-
tion is maintained, the overall reduction of spatial resolution should be limited
[35]. Today, Exploso scanning is one of the most commonly used methods for
increasing temporal resolution in commercial systems [7, 35, 38–41].
Tissue Doppler Imaging
LV evaluation using Tissue Doppler Imaging (TDI) typically has a sampling
rate of 150 Hz, while a sampling rate of 250 Hz can be achieved for single-
wall analysis. The improvement of temporal resolution has been shown to
increase the diagnostic value compared to conventional 2D B-mode images
[32]. TDI measures movement and velocity in the transmit direction. This
includes blood flow and tissue velocities, which may be used for diagnostic
purposes [27]. Methods have also been developed to acquire high-speed TDI
with 1 ms sampling [32, 36, 42]. The higher temporal resolution from TDI does
come at a cost, as TDI inherently is 1 dimensional (1D). The method therefore
suffers from the aperture problem, and any motion orthogonal to the transmit
direction cannot be measured.
3.2 Wave Propagation
In vivo evaluations of propagating transient events have become clinically rele-
vant as deformation analysis has improved in recent years [43–51]. Conventional
ultrasound systems cannot resolve activation sequences adequately due to the
low temporal resolution. HFR ultrasound provides the tool for detecting and
14
3. State-Of-The-Art High Frame Rate Echocardiographic Imaging
measuring the propagation and onset of these activation sequences. This makes
it possible to correlate measurements with the ECG [7].
Derived information from ultrasound images, such velocity information from
TDI and HFR ultrasound motion estimation algorithms, has been studied for
several years. These studies aimed to describe transient waves in the my-
ocardium in both animal and human studies [32, 39, 46, 50, 52–56].
Motion Estimation And Validation
Motion estimation validation can be tested by different methods. Today, real
image data recorded using a translation stage from an ultrasound system is the
golden standard for developing controlled translation data. Early approaches
to developing synthetic images used non-rigid transformations to deform a sin-
gle image, but the speckles in these images did not behave like speckles. In the
last few years several synthetic ultrasound images developed using the Field
II platform (Technical University of Denmark, 2800 Lyngby, Denmark) are
capable of close approximations of real speckles. However, even the most ad-
vanced synthetic image formation methods remain approximations of speckles,
and while they are publicly available, the image sequences are based on con-
ventional low frame rate beamforming [57–60]. It should be noted that when
contacted about generating HFR synthetic image sequences, these groups are
willing to generate the point scatter datasets for you. So if you needed syn-
thetic image sequences for your project you can generate the images yourself
using Field II and their point scatter datasets.
To take full advantage of the HFR images, measurements emphasizing
change should be used instead of global measurements such as EF and peak
strain [61]. While velocity measurements emphasize changes, velocity measure-
ments are unsuited to measure propagations of transient events in the myocar-
dial walls, as they do not correct for overall cardiac motion [7]. Research groups
have therefore in recent years been improving on methods for extracting mea-
surements independent of overall cardiac motion such as strain and strain rate.
These measurements emphasize local changes in the myocardium, as the overall
cardiac motion may hide contractile information with clinical value [7, 32, 53].
Detecting Wave Propagation Using High Frame Rate
Several in vivo studies have been performed that demonstrate the feasibility
and potential clinical utility of detecting short transient waves [62–65]. These
include clinical feasibility and application of several techniques for measuring
mechanical properties from echocardiography, such as myocardial stiffness [43–
51]. Offline post-processing of the radio frequency (RF) data is commonly used
for improving the image quality of the reconstructed ultrasound sequences and
tracking accuracy of optical flow methods [66–69]. Shear Wave Elastographic
Imaging (SWEI) is a non-invasive method for derivation of information regard-
ing myocardial stiffness where the transient response of tissue from an induced
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local change; stiffness and viscosity may be inferred [70]. SWI initially was used
in conjunction with a mechanical push, like Acoustic Radiation Force (ARF).
However, myocardial events such as valves opening or closing also produce shear
waves that can be measured [54, 70].
Commercially, techniques for increasing frame rates are often accompanied
by methods for increasing image quality [35, 40, 41]. The most prominent
of these involve pre-processing using different image formation schemes like
coherent compounding and harmonic imaging. They provide images with fewer
speckles and more defined tissue structures [71, 72]. Coherent compounding is,
as the name suggests, a compounding of multiple transmit pulses from different
directions to reduce image clutter, but the method reduces temporal resolution.
It is possible to have a high sampling rate using multiple compounded waves
with a moving filter. Compounded frames will not be unique, unlike non-
compounding methods, if a moving filter is used [66]. Resulting temporal
resolution of the images for coherent compounding will still be equal to twice
the duration for completing one unique frame [7, 66, 67]. Compounded images
containing information from 5-frame windows of time and a cited frame rate
of 500 fps effectively results in a temporal resolution equivalent to 100 fps. No
additional temporal information benefits can be gathered beyond 100 fps. So,
adding the non-unique frames between may just add computational load to the
image analysis.
While harmonic imaging is non-linear, the tissue penetration of harmonic
imaging is lower compared to fundamental frequency imaging, where signal am-
plitude may be 20 to 30 dB lower, which in turn requires the system to have a
higher dynamic range and makes the system more susceptible to noise [73]. It is
possible to combine both second harmonics and coherent compounding, which
show improvements in tracking accuracy due to a 13 dB Signal to Noise Ratio
(SNR) improvement [43]. Konofagou et Al. 2010 created a method, called elec-
tromechanical wave imaging, which uses RF data to automatically segment and
estimate deformation of the myocardium [45, 50, 62, 74–76]. Electromechanical
wave imaging has shown useful information at local regions in the myocardium.
However, the RF data still requires motion along the transmit direction [62].
Duke University has an experimental phased array HFR ultrasound system,
T5. It acquires images at up to 2500 fps while maintaining the live HFR 2D
B-mode image presentation necessary during clinical scanning, which is unique
to the von Ramm research group. The T5 increases frame rates using parallel
hardware receive channels, where up to 32 image lines can be computed in par-
allel and in real-time, while having live images displayed [35]. However, the T5
did not have any deformation analysis software available. Therefore, a collabo-
ration between Aalborg University and Duke University was planned where an
algorithm was to be developed and validated for estimating kinematics of the
LV using strain measurements derived from HFR B-mode images to describe
transient mechanical wave propagations through the LV of the human heart.
This was unique as in vivo human analysis of HFR B-mode echocardiographic
images were not a focus of state-of-the-art HFR deformation analysis at the
16
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onset of the project.
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Chapter 2
Summary And Aim
1 Summary
Patients with HF are difficult to identify early as symptoms are non-deterministic
and easily associated with less severe ailments. When patients are diagnosed
with HF, correct treatment still remains difficult as many diseases have a simi-
lar diagnostic appearance by conventional measurements. Today, cutting edge
diagnostic research focuses on fully determining electromechanical coupling.
One of the objectives is to increase diagnostic value by identifying unique pat-
terns to LBBB, as this is a common disease with very poor prognostic outcome
for HF patients. Here, CRT therapy has a low specificity of 70 % or less. The
H. Kanai group was the first to present propagating waves through the my-
ocardial wall. Since then, multiple other groups have followed suit, as this area
is highly under-determined. Today, research has not identified any transient
mechanical waves, which have show diagnostic promise for characterizing differ-
ences between patients with echocardiographic normal LV function and LBBB
patients. In order to describe short transient waves, HFR echocardiographic
imaging is required. It enables the investigation of propagating waves in the
myocardial wall [35]. Initially groups used motion and velocity information
to describe these waves. They attempted to use strain measurements derived
from HFR echocardiographic images as well, however, noise make HFR car-
diac strain difficult to interpret due to the inherently low SNR of strain. Early
attempts found limited success in tracking myocardial targets due to lower
SNR. More recently, state-of-the-art HFR ultrasound-based strain measure-
ments have produced more successful results. No manuscripts were identified
comparing HFR transient events using echocardiographic images between dif-
ferent patient groups. Instead, the individual case studies of transient waves
were used. These strain estimation algorithms required RF data. Using RF
datasets results in huge datasets which are not clinically feasible for commercial
systems. Extracting RF datasets also requires offline beamforming to recreate
image sequences. The only system identified with online beamforming capa-
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ble of live display visualization of the ultrasound images was the experimental
phased array system, T5, developed at Duke University. This system did not
give the user access to the RF data, but instead provided the enveloped data in
ballistic coordinates. But no commercially available algorithms were identified
that could analyze the T5 ultrasound image sequences. Therefore, a custom
strain estimation algorithm was required if the T5 system should be used for
research regarding in vivo transient wave propagation.
2 Aim
This thesis explored the possibility of extracting local transient information
from HFR 2D B-mode echocardiographic images, and how deformation infor-
mation could be visually assessed for identification of mechanical wave prop-
agation. As a proof-of-concept, it offered methods for describing the cardiac
function depending on cardiac health and the complexities affecting measure-
ments.
3 Problem Formulation And Hypothesis
Problem Formulation 1: Is it possible to accurately track high frame
rate cardiac deformation using B-mode echocardiographic images?
Hypothesis 1: It is possible to estimate motion of high frame rate B–
mode echocardiographic images while maintaining the tracking accu-
racy of current state-of-the-art algorithms which use radio frequency
information.
Problem Formulation 2: Can propagating mechanical waves be de-
tected using B-mode echocardiographic images?
Hypothesis 2: Mechanical waves propagating at 1 to 3 m/s can be
identified using B-mode echocardiographic images.
Problem Formulation 3: How can deformation information be visu-
alized so propagation of mechanical waves becomes identifiable?
Hypothesis 3: Deformation information can be presented in the
manner of an image so that it emphasizes myocardial deformation
changes.
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Methods
The paradigm of electromechanical coupling is under-determined in cardiology.
The in vivo coordination of mechanical deformation varies greatly for conven-
tional echocardiographic imaging. HFR 2D B-mode local transient kinematics
is an area almost completely unexplored due to the physical and technical
limitations concerning image formation. While there are research groups in-
vestigating HFR ultrasound, data is sparse and difficult to acquire. For this
thesis, the only viable option was to use hypothesis-based quantitative research
design with an exploratory approach to data acquisition.
4 Algorithm Design
Speckles are considered noise for most image modalities. However, ultrasound
speckle patterns are deterministic. This means that the speckle patterns of
a scene can be recreated exactly if a transducer is returned to a specific lo-
cation and pointed towards the same direction. Due to the speckle patterns
being sub-wavelength scatters in the tissue, the speckle patterns will decorre-
late as a function of distance. However, for small frame-to-frame translations
the speckle patterns will remain stable. Small frame-to-frame translation is a
stronger assumption at HFR ultrasound imaging compared to conventional ul-
trasound imaging. This is due to the shorter temporal duration between image
samples. Tracking individual speckle at HFR can therefore be a viable option
for ultrasound kinematics.
In this project, we chose to focus solely on speckles as the method of de-
tecting motion. The algorithm used a feature tracking approach. Here, all
speckles identified within the ultrasound image sequences were used as fea-
tures. Initially sparse sets of features were extracted from speckles. These
features were tracked from frame to frame to create non-continuous speckle
tracks for uniquely identified speckles. Myocardial motion was then estimated
as a weighted average of the speckle tracks close to the points along the my-
ocardial contour. This created an algorithm of low computational complexity,
and made it well-suited for analyzing large datasets of thousands of images
per cardiac cycle. The length of line approach to estimate strain curves from
local regions along the myocardial contours was used to calculate myocardial
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deformation at all points and time periods during the cardiac cycles.
5 Data Acquisition
5.1 The T5 Ultrasound System
Duke University’s experimental phased-array ultrasound system (T5) was origi-
nally a real-time 3 dimensional (3D) system. It was repurposed to acquire HFR
2D B-mode.
The T5 system used a 3.5 MHz, 96-element, 18 mm wide, 1D phased ar-
ray (Volumetrics, Durham, NC, USA) transducer. The theoretical diffraction-
limited azimuth resolution was 1.2◦ and the axial resolution was 0.44 mm.
Adequate Nyquist spatial sampling was maintained by angular sampling of
0.5◦ for a total Field Of View (FOV) of 80◦. Axial sampling was 0.25 mm and
scan depth was up to 140 mm depending on the patient. The T5 system used
defocused transmit pulses focused at −30 cm (i.e. 30 cm behind the trans-
ducer) and 16 or 32 parallel receive processing channels per receive element,
also known as 16:1 or 32:1 exploso scanning. This made the T5 system capa-
ble of acquiring images at up to 1000 fps while showing live images on screen;
see Table 2.1. No compounding, apodization or harmonic imaging techniques
were implemented. Data was exported from the system as detected B-mode
2D echocardiographic images in the native ballistic coordinate system.
Exploso Scan Summary
16:1 10 transmit-receive operations were
required to create an image.
500 images per second (I500)
32:1 5 transmit-receive operations were
required to create an image.
1000 images per second (I1000)
Table 2.1: Summary of the difference in frame rate depending on the number of parallel
receive processing channels per receive element.
A single lead ECG was recorded synchronously with the echocardiographic
images. The ECG was used to manually identify the onset of the Q wave, which
was defined as the zero time of each cardiac cycle. For an in-depth description
on data acquisition using the T5 system, we refer to Moore et al. 2015 [35].
5.2 Patient Data Acquisition
The patient database of ultrasound image sequences was built and extended
over a 5-year period between 2014 and 2018. Here, a set of 51 patients were
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identified and recruited during routinely ordered echocardiographic examina-
tion at Duke University Hospital. This study was performed with approval
from the Duke Institutional Review Board (Pro00026106) and approached us-
ing an independent recruiter. The patients were selected with the intent of
acquiring HFR B-mode image sequences with high image quality relative to
the standard T5 image quality to describe high temporal resolution mechanical
contraction.
Definition Of Echocardiographic Normal
QRS Duration <100 ms
LVEF > 50%
Atrial fibrilation No
Cardiac function Normal
Cardiac Anatomy Normal
Valvular Stenosis No
Table 2.2: Definition of patients with echocardiographic normal LV function.
Study A
Ten patients with different stages of cardiac health were recruited. HFR image
sequences was consequently acquired from the apical four chamber view at 500
fps for 5 seconds with the T5 system by a trained sonographer.
For in vitro validation, two in vitro image sequences were created with the
T5 system using a tissue mimicking phantom (CIRS Model 040GSE Multi-
Purpose Phantom, Computerized Imaging Reference Systems, Norfolk, VA,
USA). The phantom was imaged with a 3.5 MHz phased array transducer
clamped to a high-resolution translation stage. Each generated image sequence
contained 1000 frames with 10 µm between-frame increments for both horizon-
tal and vertical translations. Nine regions of interest were selected manually
in the images to avoid specular targets inside the tissue mimicking phantom.
Different velocities could be simulated by excluding frames. For example, at
500 fps 10 µm increments correspond to 5mm/s. To simulate a 0.5 m/s velocity
at 500 fps, every 100th frame was used [77].
Study B
Two echocardiographic image sequences were acquired in the parasternal Short-
Axis (PSAX) view at 365 fps from a 71 year old male LBBB patient with a
BiV pacemaker. The BiV device was temporarily reprogrammed to intrinsic
excitation and BiV pacing mode for each image sequence respectfully. This
gave an initial comparison of intrinsic versus external pacing source in LBBB
patients. It would also give preliminary results for exploring the possibility of
using the PSAX view for diagnostic purposes [78].
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Study C
Twenty patients with echocardiographic normal LV function were selected for
Study C; see Table 2.2 for selection criteria. The patients were imaged in the
apical four chamber view at 500 fps (I500) and 1000 fps (I1000) using the T5
system by a trained sonographer. The 500 fps images were only selected if the
IVS and LW were not visible at 1000 fps. Three patients were excluded due to
poor image quality. The final patient group consisted of 6 patients recorded at
500 fps and 11 patients recorded at 1000 fps [79].
Study D
Twenty-eight patients were selected for study D; see Table 2.3. The patients
were divided into three groups: Thirteen patients with echocardiographic nor-
mal LV function, 9 LBBB patients, and 4 non-LBBB conduction disorder pa-
tients. All patients had images acquired during intrinsic conduction. Patients
with LBBB and non-LBBB conduction disorder had a BiV pacemaker im-
planted and echocardiographic images of the apical four chamber view were
acquired using two different pacing modes. LBBB patients had images ac-
quired while being BiV paced, and non-LBBB conduction disorder patients
had images acquired while RV paced apically to simulated LBBB. From every
image sequence, 2 consecutive cardiac cycles were selected; see Table 2.4 [80].
Dataset Summary
N Included Excluded
Patients 28 26 2
Datasets 81 75 6
Table 2.3: Patients and image sequences used in Study D [80].
Dataset Summary
Diagnosis Mode NP ND
EchoNormal - 13 26
LBBB Int 9 17
BiV 17
non-LBBB Int 4 8
sLBBB 7
Table 2.4: Summary of patients and image sequences from 26 patients. Here, the number
of patients in each group is defined as NP and image sequences in each group is defined as
ND [80].
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Chapter 3
Study Contributions
1 Study A: Validation And First High Frame
Rate In Vivo Results From Human Subjects
Study A described a novel method for analyzing the apical four chamber view
using B-mode ultrasound images. The Continuous Feature-Tracking (CFT) al-
gorithm focused on continuous tracking of features derived from speckles. The
CFT algorithm was designed for analyzing the HFR B-mode images with si-
multaneously recorded ECG acquired by the T5 system. 2D or 3D images were
required as several sections of the myocardium would be deforming horizontally,
making low FOV or directional dependent methods unsuited. Furthermore,
during the initial phase of the project, no conventional analysis algorithms or
commercial software capable of analyzing the T5 data were available.
In vitro validation for both vertical and horizontal translations showed an
underestimating motion near-field proximal to the transducer. Overestimation
of motion in the far-field distal to the transducer was observed; see Figure 3.1.
As translation increments increased above 0.7 mm/frame, tracking accuracy
deteriorated; see Figure 3.2 [77]. The native ballistic coordinate system re-
sulted in the size of speckles remaining constant through the image. However,
sub-resolution translation estimation accuracy became increasingly important
in the ultrasound far-field. The pixel-to-pixel motion of a field with uniform
motion varied in a ballistic coordinate system with respect to range from the
transducer. Take the pixel size of [0.25mm, 0.5◦] and a uniform vertical veloc-
ity of 0.5 mm/frame. At a range of 10 mm from the transducer, this would
correspond to 5.7 pixels/fame. At a range of 120 mm from the transducer, this
would correspond to 0.5 pixels/frame. Furthermore, speckles were more stable
when moving in the axial direction. This was likely due to the variable axial
pixel-to-pixel motion with respect to range [77].
In vivo beat-to-beat reproducibility was calculated for 6 myocardial seg-
ments along the myocardial contour by analyzing complete cardiac cycles dur-
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(a) Vertical Tracking Results (b) Horizontal Tracking Results
Fig. 3.1: Vertical and horizontal translation estimations versus true translations. The data
was derived using a tissue mimicking phantom and a high precision translation stage. R
is the ROI’s distance from the transducer array, and line labels represent frame-to-frame
translation increments [77].
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(a) Vertical Tracking Results
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(b) Horizontal Tracking Results
Fig. 3.2: Vertical and horizontal translation estimations versus true translations. The data
was derived using a tissue mimicking phantom and a high precision translation stage [77].
ing the 5 second image sequences. The cardiac cycles were segmented and
analyzed individually, and the averaged Fishers’ z transformed correlation co-
efficient was used to describe reproducibility for each segment. Reproducibility
results showed an averaged correlation coefficient of 0.95 across all myocar-
dial segments and patients [77]. Two early stretch phases were identified in the
image sequences; see Figure 3.3. It is unknown why these stretches occur. How-
ever, micro-contractions were often observed during slow motion playback of the
B-mode images, of which a small video clip was attached to the manuscript. We
were therefore confident that these stretches related to real mechanical events
during isometric contraction and not artifacts from the tracking algorithm [77].
One potential origin could be atrial relaxation causing a slight deformation in
the mitral valves causing a small change in LV volume.
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Fig. 3.3: Mid-septal wall strain curve for a 200 ms period during and after the QRS complex
for a 49-year-old male with normal LV function showing two clearly defined early stretch
phases illustrated by the blue and red horizontal lines [77].
2 Study B: Circumferential Strain
There were inconsistencies in the literature for which cardiac views provide the
highest predictive value with respect to myocardial function and heart failure
[81, 82]. The largest limitation with the PSAX view is the high intra- and inter-
operator variability, which in part is due to the lack of identifiable landmarks.
This makes reproducible PSAX strain measurements difficult. PSAX does offer
a different but interrelated descriptor of the mechanical contraction [81, 82].
Study B described the implementation of circumferential strain estimation in
the PSAX view using the CFT algorithm to show that the CFT algorithm was
angular independent.
It was arduous to acquire high quality images from the PSAX view. This
was likely due to the orientation of myocardial fibers resulting in fewer borders
where the sound could be reflected. Circumferential strain could be estimated
from HFR echocardiography using the CFT algorithm [78]. By introducing a
Kalman Filter for myocardial wall tracking, a-priori information from previ-
ous frames were used when valid speckle tracks were sparse, providing a more
robust implementation of the CFT algorithm compared to the 2015-2016 ver-
sion [77, 78]. A LBBB patient with a BiV pacemaker was selected for data
analysis. The patient was acquired in the PSAX view, both during intrinsic
excitation and BiV pacing. Here, the duration of tissue shortening remained
constant between intrinsic conduction and BiV pacing, supporting the fact that
the patient’s asynchronous contraction was caused by an electrical block and
not a mechanical defect such as an MI. The study also showed proof that the
algorithm was not angular dependent for analyzing myocardial kinematics [78].
The general image quality from the PSAX view did present a significant prob-
lem. It was therefore concluded that the PSAX view should not be used for
further algorithm analysis before image quality could be improved [78].
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3 Study C: High Frame Rate Analysis Of Pat-
terns For Patients With Normal Left Ventric-
ular Function
Study C described differences in the onset and duration of mechanical events
for patients with echocardiographic normal LV function using HFR echocar-
diographic images. The study presented a comparison analysis of strain curves
from 17 patients with echocardiographic normal LV function, ages 42 ± 17 [79].
A naive approach was used to define the onset of myocardial events. The
naive approach to identifying myocardial events reduced the subjectivity of the
measurements [79].
The analysis for tissue shortening onset the measurements showed the my-
ocardial segments were significantly different (P < 0.01) between groups. Mul-
tiple comparisons showed the mid septal segment contracted significantly ear-
lier compared to the other 5 myocardial segments. Tissue isometric relaxation
interval also showed significantly different (P = 0.03) measurements between
groups. Multiple comparisons showed the basal septal segment duration was
significantly longer compared to the other 5 myocardial segments [79]. These
results resemble results by other groups [32, 42, 53]. A propagating velocity of
5.6 m/s was measured [79]. This was high compared to the propagation of the
electrical wave front through the Purkinje network of 1 to 3 m/s. Several inter-
actions with the myocardial contraction could have effected the observed prop-
agation velocities. These include multiple locations of excitation breakthrough
between the Purkinje network and myocytes, the afterload of the LV, and the
visual limitation with a 2D imaging plane [14, 47, 56]. It is assumed that the
three interactions mentioned may have a role to play in the consistently high
propagation velocities. Six different isometric patterns were identified during
the study; see Figure 3.4. It was assumed that the patterns may be an effect
of RBB and LBB interaction together with pre- and afterload of the LV [79].
4 Study D: High Frame Rate Transient Con-
traction Fronts In Patients
The feasibility of detecting contractile activation patterns was investigated in
this study. This was done using a group of 13 patients with echocardiographic
normal LV function, 9 LBBB patients, and 4 non-LBBB conduction disorder
patients [80].
A method was presented for identifying visual changes in transient con-
tractile patterns through the IVS depending on pacing modes. The Strain
Rate Images (SRI) were derived from strain rate curves along the myocardial
contours. A pixel within the SRIs corresponded directly to the strain rate
at a specific time and location within the myocardial wall [80]. Propagating
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Fig. 3.4: Isometric contractile patterns identified after the first Q wave deflection. Time
windows were normalized with respect to the isometric contraction [79].
fronts were emphasized using a colormap with hot and cold colors. When a
color changed from cold to warm color, or vice versa, it indicated myocardial
deformation change and the onset of a new transient event. Fine spatial sam-
pling of strain curves made it possible to resolve and distinguish between the
propagation transient contractile fronts [80].
Patients with echocardiographic normal LV function appeared to have more
homogeneous SRIs compared to patients with LBBB and non-LBBB conduc-
tion disorder; see Figures 3.5 & 3.6. However, no consistent transient patterns
were identified for patients with echocardiographic normal LV function [80].
Two propagating stretches were observed during the isometric contraction.
These patterns were reported previously; see Figure 3.3 [77]. Myocardial tissue
shortening happened during the first contractile front, but the first stretch often
appeared prior to the Q wave. This was especially true for patients with LBBB
and non-LBBB conduction disorder. This makes the initial stretch unlikely to
be onset of mechanical contraction [80]. The front may potentially be the
relaxation of the atria, or asynchronous RV-LV contraction. Some patterns
only manifested in patients with non-LBBB conduction disorder and LBBB.
For example, a prolonged temporary cessation of the tissue shortening, often
accompanied by an early myocardial stretch prior to the QRS complex, was
often observed in the patients with non-LBBB conduction disorder and LBBB
[80]. Different transient patterns of the second contractile front were identified
between patients. While some transient contractile fronts were repetitive for
consecutive cardiac cycles intra-patient, no definitive consistent morphologies
were observed inter-patient [80].
An electrical excitation through the Purkinje network generated fast prop-
agating contractile fronts. When an action potential was redirected through
the cardiomyocytes, the propagation velocity was significantly slower. This was
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(a) Cardiac Cycle #1
Patient 010, EchoNormal, cardiac cycle 2
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(b) Cardiac Cycle #2
Fig. 3.5: Strain rate images (SRI) derived from a 21-year-old male. The patient was
considered normal from an echocardiographic perspective. Figures 3.5a & 3.5b show two
consecutive cardiac cycles from a 5 second recording. The 2D correlation coefficient between
the two SRIs was calculated to c? = 0.96 [80].
reflected in the duration of the tissue shortening propagation through the IVS
between patients with echocardiographic normal LV function (25.2 ± 10.0 ms,
P<0.01) and patients with non-LBBB conduction disorder [80].
A measurement to indicate asynchronous contraction using the correlation
coefficient (c?) of the SRI was implemented. c? described the correlation coef-
ficient between the SRI and a spatially mirrored version of itself; see Equation
3.1 [80]. Patients with echocardiographic normal LV function had significantly
higher c? ( c? = 0.67 ± 0.04, P<0.01) compared to patients with conduction
disorders, which indicated high synchrony in the contraction through the IVS
[80].
c?(A) =
1
S + T − 1
S∑
s=1
T∑
t=1
(A(t,s) − µA)(A(t,S−s) − µA)
σ2A
(3.1)
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(a) Intrinsic Conduction
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(b) Biventricular Excitation
Fig. 3.6: Strain rate images (SRI) derived from an 85-year-old female with left bundle
branch block and a biventricular (BiV) pacemaker. Figures 3.6a & 3.6b show the SRIs of
the patient during intrinsic conduction and BiV pacing respectively. The 2D correlation
coefficient between the two SRIs was calculated to c? = 0.40 with intrinsic conduction and
c? = 0.68 for BiV excitation [80].
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Fig. 3.7: Averages for duration and correlation coefficients divided into 5 groups. Subfigure
3.7b illustrates the duration of tissue shortening onset propagation through the IVS, and
Subfigure 3.7a describe the correlation coefficients the SRI as defined by Equation 3.1 [80].
Several measurements associated with both synchronous contraction and
the duration of contractile front propagation were identified. The transient
contractile front of patients with echocardiographic normal LV function (25.2 ±
10.0 ms) were shorter than the 45 ms expected for electrical excitation prop-
agation through the Purkinje fibers. However, significantly shorter transient
contractile fronts for patients with echocardiographic normal LV function com-
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Multiple Comparison For Duration
Diagnosis Mode µ [ms] σ [ms] p pLog10
EchoNormal - 25.19 10.01 - -
LBBB Int 48.41 12.38 0.59 0.01
BiV 77.73 13.18 0.02 <0.01
non-LBBB Int 31.13 18.04 1.00 0.99
sLBBB 49.86 19.29 0.79 0.03
Table 3.1: Results of the multiple compar-
ison duration measurements. Averages and
standard deviations of all measurements are
reported. Post-hoc Bonferroni corrected mul-
tiple comparisons were calculated for patients
with echocardiographic normal LV function
versus patients with conduction disorders. p
values < 0.05 were considered significant [80].
Multiple Comparison For Correlation Coefficients
Diagnosis Mode µ [ ] σ [ ] p pLog10
EchoNormal - 0.67 0.04 - -
LBBB Int 0.57 0.05 0.58 -
BiV 0.47 0.05 0.02 -
non-LBBB Int 0.37 0.07 <0.01 -
sLBBB 0.3 0.08 <0.01 -
Table 3.2: Results of the multiple compari-
son correlation coefficient measurements. Av-
erages and standard deviations of all measure-
ments are reported. Post-hoc Bonferroni cor-
rected multiple comparisons were calculated
for patients with echocardiographic normal
LV function versus patients with conduction
disorders. p values < 0.05 were considered
significant [80].
pared to simulated LBBB (49.9 ± 19.3, P=0.03), LBBB patients with intrin-
sic excitation (48.4 ± 12.4, P=0.01), and LBBB patients with BiV excita-
tion (77.7 ± 13.2, P<0.01), were measured. This indicated slower propagation
through the IVS when electrical excitation originated from the RV [80].
For some LBBB patients, individual segments of the myocardium showed
improved contractions from the BiV excitation while the IVS had an im-
paired contractile function due to a worsened asynchronous contraction through
the IVS [80]. Comparing patients with echocardiographic normal LV func-
tion (0.67 ± 0.04) to non-LBBB conduction disorder with intrinsic excitation
(0.37 ± 0.07, P<0.01), simulated LBBB (0.3 ± 0.08, P<0.01), and LBBB pa-
tients with BiV excitation (0.47 ± 0.05, P=0.02), the modified correlation co-
efficients were significantly higher (P<0.01); see Figure 3.7. This implied more
synchronous contractile patterns [80].
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Chapter 4
Discussion
Echocardiographic imaging is a mature technology that has been used for non-
invasive real-time cardiac diagnostics since the early 1970s. Commercial phased
array ultrasound system focuses on improving image quality of ultrasound. The
high temporal resolution of echocardiography makes it well suited for estima-
tion of myocardial kinematics. Echocardiographic images make it possible to
resolve myocardial states through the entire cardiac cycle. Fully imaging the
LV often requires a wide FOV of 90◦ or more. Here, myocardial motion at the
apex can be orthogonal to the transmit pulse, making 1D modalities such as
TDI unsuited analysis modalities.
The aim of this thesis was to detect propagation of transient mechanical
waves associated with electromechanical coupling using HFR 2D echocardio-
graphic images.
Manuscripts Story Line
Increasing temporal resolution of echocardiographic imaging has severe image
quality drawbacks. For ultrasound images, the image quality is proportional to
the acoustic pressure of the transmit pulse. As the transmit pulse is widened,
the regulation limitations with respect to the mechanical index. The mechani-
cal index limits the acoustic pressure which can be emitted into the body due to
the risk of myocardial bioeffects. This results in a lower local acoustic pressure
for generation of the image lines. High computational requirements of HFR
ultrasound also results in an offline beamforming approach being used. Off-
line beamforming makes accurate acquisition of specific cardiac views difficult
compared to conventional ultrasound. The difficulty arises from the system op-
erator being blind during acquiring HFR images, and the quality of the image
sequences being unknown before beamforming. The advantage of using this
approach is the reduced computational requirement of the ultrasound system.
Where the T5 system shined, compared to its counterparts, was the capabil-
ity of showing live images while acquiring HFR echocardiographic sequences,
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which are essential for clinical evaluation. This was achieved using online and
real-time beamforming. The primary limitation to this approach was that the
T5 did not provide a method of extracting RF data, but only B-mode image
sequences.
Due to continuously recruitment requirement of patients, the T5 system
was selected to be the best fit for the lifespan of the project.
Study A and B: Validation Of Deformation Estimation Algorithm
A deformation algorithm, with similar tracking performance to the available
software, was designed for data analysis due to limitations of the T5 system.
The algorithm was designed to extract myocardial kinematics of the LV for
one cardiac cycle using HFR B-mode echocardiographic image sequences. The
primary focus of the algorithm was to accurately track sub-pixel motion of the
myocardium to calculate transient deformation propagation for adult HFR de-
formation imaging acquired in vivo. Tracking accuracy of the CFT algorithm
was measured using translation images. These images were generated using a
tissue mimicking phantom positioned on a translation stage. High accuracy
and precision were measured when comparing the translation estimations to
the physical translation. Tracking motion across image lines were less accurate
compared to tracking axial motion.
The capability of analyzing images independent of transducer orientation
was shown by a small second study. In vivo reproducibility measurements for
HFR cardiac strain curves were measured as well. These results were compa-
rable with today’s state-of-the-art RF sequence tracking algorithms [45]. The
algorithm was capable of estimating motion along the entire PSAX. However,
the image quality from the PSAX views were generally poor. This was likely
caused by the myocardial fiber orientation reducing the reflective structures in
the myocardium. PSAX views were therefore ill-suited for our proof-of-concept
development. It was shown that the no assumptions needed to be made to
estimate deformation using the CFT algorithm. Algorithms using RF data
inherently describe axial information, and therefore may require assumptions
to measuring off-axis kinematics [83–85].
Study C: Describing Transient Events In Ehocardiographic Normal
Left Ventricles
Patients with echocardiographic normal LV function had been used in multiple
HFR studies before Study C. In prior studies, patients were analyzed as indi-
vidual case studies so no statistical differences were identified between patients.
The next step was therefore to identify parameters which could be compared
between patient groups. Four unique sets of measurements were identified oc-
curring in all patients with echocardiographic normal LV function.
Six different deformation patterns were identified in this study during iso-
metric tissue shortening. These patterns could potentially lead to subjective
decision-making with regard to onset and duration of myocardial events such
as tissue shortening onset. These events were defined using a strictly objec-
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tive approach for identifying the onset of mechanical events. This provided a
tool for creating reproducible measurements of onsets and duration of mechan-
ical events. The method had limitations such as over- and underestimation
of temporal events. However, the estimation errors were accepted to reduce
subjectivity.
This was to our knowledge the first time patients with echocardiographic
normal LV function were studied using HFR echocardiographic images where
a intra-patient comparison showed statistically significant differences between
myocardial segments. The significant differences in duration and interval mea-
surements described in Study C cannot be identified using commercially avail-
able strain analysis. The temporal resolution of commercial systems is normally
17 ms, corresponding to 60 fps, and would have been insufficient for resolving
the duration of the short transient differences between myocardial segments of
13.2 ms for the tissue shortening onset measurements. Higher temporal reso-
lution of 500 fps or above was therefore essential for adequately resolving and
describing the events.
Study D: Differences Between Normal Left Ventricular Function,
LBBB, And Non-LBBB Conduction Disorder Patients
Conventional strain curves limit the information that can be visually extracted.
This is due to two primary issues with presenting the data. First, the curves
inherently overlap. If they are plotted individually, it is exceedingly difficult to
compare multiple curves. Secondly, it was difficult to identify unique transient
contractile fronts using conventional strain curves. A structured method of
visualizing the deformation information was needed. During the initial data
analysis of Study C and Study D it became apparent that high spatial sampling
would be beneficial. This would help identify propagating mechanical contrac-
tile fronts. The data needed to have a well-ordered visualization method such
as an image. This would make visual identification of the propagating contrac-
tile patterns possible. Therefore, a method was developed for visualizing the
strain rate using a SRI to further emphasize changes.
Using SRIs, it was possible to detect significant differences in measure-
ments for asynchronous contraction along the IVS when comparing patients
with echocardiographic normal LV function against LBBB and non-LBBB con-
duction disorder patients. This was done using a modified correlation coefficient
defined in Equation 3.1. The modified correlation coefficient has the potential
for early indication of asynchronous contraction.
Unique Scientific Contribution
This thesis and accompanying manuscripts provided a new take on HFR speckle
tracking. While most HFR algorithms require the use of RF sequences, the
CFT algorithm only required the use of B-mode image sequences, making it
less computationally heavy. The algorithm uses a naive approach to speckle
tracking. It uses the peaks of the speckles as the center, and the average motion
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of multiple speckle tracks to estimate myocardial motion. This simple approach
showed tracking results comparable with current state-of-the-art algorithms
used for HFR echocardiographic kinematics. Multiple studies mentioned using
motion estimation for describing transient mechanical events. However, prior to
Studies A through D, velocity and translation were the primary measurements
used for cardiac analysis. These measurements are poorly suited for extracting
information regarding regional myocardial measurements. Our studies strictly
used in vivo HFR deformation imaging using strain from the human LV. The
studies were the first to compare and show statistically significant differences
between patients with echocardiographic normal LV function, LBBB, and non-
LBBB conduction disorder patients by using HFR SRIs.
During isometric contraction, two short transient stretches of the myocardium
occurred. While this thesis mentioned these stretches on multiple occasions,
they are still underdetermined. Several studies presented data with an in-
dication of these stretches [86]. However, no mention of the patterns were
observed. This was likely due to the stretches normally being associated with
noise. These stretches potentially have three causes: The first possibility was
an RV-LV dyssynchrony causing a contractile propagation through the RV. The
second possibility was the closure of the mitral valve causing a small change
in pressure, resulting in a small early stretch of the LV. The third possibility
was cessation and relaxation of the left atria causing a small morphological
change to the mitral valve. These early stretches require further investigation
to determine their origin to improve electromechanical coupling research.
Perspective For High Frame Rate Echocardiographic Imaging
The initial hypothesis regarding contractile front propagation was naively cho-
sen with respect to the cardiac electromechanical physiology identified from
electrophysiology. Here the electrical excitation propagates at between 1 and
3 m/s through the LBB and Purkinje network, and 0.3 to 0.6 m/s through the
cardiomyocytes. It is generally understood that the first electrical excitation of
cardiomyocytes would occur roughly half way between the Base and the Apex
of the IVS. Therefore, our assumption and expectation were that: A clearly
defined transient contractile front propagating through the LV would be ob-
served. Propagation velocities would correspond to the electrical properties of
the medium that the action potential propagated through. For example, for
patients with echocardiographic normal LV function the propagation velocities
would correspond to electrical excitation through the Purkinje network. For
LBBB patients, the hypothesis was that the electrical excitation would propa-
gate from the RV and via the cardiomyocytes into the LV. It was expected that
this generated a propagating velocity corresponding to cardiomyocyte excita-
tion propagation of around 0.6 m/s, or roughly half the propagating velocity
compared to normal healthy conduction. These assumptions did not hold as
our results indicate.
An interesting observation was the differences in transient mechanical events
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between patients with echocardiographic normal LV function and LBBB pa-
tients. No HFR measurements for identifying propagating differences between
patients with echocardiographic normal LV function and patients with LBBB
or simulated LBBB were found. It was shown that transient mechanical con-
tractile fronts through the LV in most patients were shorter than what could
be attributed to electrical excitation propagation through the Purkinje net-
work. Significantly higher propagating velocities were measured, and multiple
contractile onset locations were observed in some patients.
It has become inherently clear that the HFR deformation imaging field is
under-determined. Further improvements in cardiac diagnostics require map-
ping of transient mechanisms. In future studies, using an animal model to deter-
mine the isometric contraction phase to explore how the two stretch phases oc-
cur is suggested. This could allow accurate prediction of propagation origin and
velocity on a patient-to-patient basis. These questions could not be answered in
this dissertation. However, a tool using kinematics of HFR echocardiographic
imaging potentially capable of answering them with further investigation was
developed to further explore myocardial deformation.
1 Limitations
It was not possible to uniquely identify how different mechanical abnormalities
affect the mechanical contractile front propagation through the ventricle due
to the limited number of patients and image sequences available. This will be
of utmost importance to have a larger population of patients with deep insight
into their cardiac health when identifying HFR measurements with diagnostic
and prognostic value.
To accurately describe electro-mechanical coupling, a synchronous 12-Lead
ECG recording would have been well-suited. However, only a single-lead ECG
was available for this thesis. The onset of tissue shortening propagation was
highly dependent on the appearance of individual ECG recordings and how
the onset of the cardiac cycle was defined. An abnormal ECG made the onset
of electrical activation difficult to identify in most cases. Defining the correct
onset for the cardiac cycle may therefore be of absolute importance. We suspect
that a 12-lead ECG would help improve this, and suggest that this may be an
important improvement when evaluating HFR echocardiographic images, while
also having the potential of being used for mapping electromechanical coupling
evaluation.
The inherently reduced image quality of HFR echocardiographic images
often made patient selection difficult, as image dropout often occurred in mul-
tiple walls. Deformation analysis is normally done using image sequences from
multiple cardiac views such as apical two and three chamber views. Using the
two other apical views would provide a 16- or 18-segment model, and can pro-
vide increased insight into myocardial contraction. However, the limited image
quality resulted in the apical four chambers being the view with the highest
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image quality and least amount of dropout within the echocardiographic image
sequences. For our studies, only the apical four chamber view was therefore
used. The measurements in these studies described when the LV pumps blood
into the Aorta, and hence may not be directly associated with electrical exci-
tation.
Extracting image planes of the myocardial wall will generally confound con-
tractile front propagation determination. This is due to the 3D myocardial
structure being under-determined in lower dimensions. The 3D myocardial
structure is confounded if the contractile front propagation determination tech-
nique is limited to fewer dimensions, which includes both 1D and 2D echocar-
diography. However, no systems were capable of HFR 3D echocardiographic
acquisition. Describing transient mechanical events in 3D were therefore not
an option, so 2D description of the transient contractile fronts were the best
alternative.
Using enveloped data for deformation analysis further confounded tracking
as it restricted the algorithms from using phase and envelope for kinematics.
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Conclusion
This thesis may set the groundwork for further electromechanical coupling re-
search. Studies were presented exploring the possibility of detecting and de-
scribing in vivo mechanical contractile front propagation within the LV of the
heart associated with electrical excitation. An algorithm was described and
tested for extracting deformation information from HFR 2D B-mode echocar-
diographic image sequences from different myocardial views. These studies
showed reproducible results similar to current state-of-the-art methods for mea-
suring deformation using HFR 2D B-mode echocardiographic imaging. This
was the first time statistically significant differences between myocardial seg-
ments of the LV during the cardiac cycle in patients with echocardiographic
normal LV function was measured. It was possible to detect mechanical con-
tractile fronts using HFR 2D B-mode echocardiographic images that could
not be adequately resolved using conventional temporal resolution. Consis-
tently shorter transient events were observed for propagating contractile fronts
compared to known cardiac physiology, hinting at other forces affecting the
contractile front and the need for HFR 3D echocardiographic imaging.
As the number of strain curves increased, conventional deformation anal-
ysis became overwhelmingly complex for the human eye to interpret due to
the amount of record keeping required to understand the strain curves. In-
terpreting high spatially sampled deformation information was instead done
by visualizing mechanical contractile front propagation as a SRI. A new and
automated measurement of contractile synchrony using a modified correlation
coefficient was defined and showed significant differences between patients with
echocardiographic normal LV function and patients with LBBB and non-LBBB
conduction disorders.
The hypothesis of mechanical fronts propagation being directly comparable
to electrical excitation did not hold. However, it was possible to show statistical
differences that may be of diagnostic value, which could not be identified using
conventional echocardiographic images, and that mechanical contractile front
propagation should be measured using HFR echocardiographic imaging and
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deformation analysis.
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